Stimulating arbitrary collections of as few as 300 neurons in the primary olfactory cortex of mice suffices for associative learning independent of any odor stimulation. Thus, programmed spatial relationships may not exist in piriform cortex, making flexible random associations the rule.
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Olfaction is the poet of sensory systems. Our inability to apply a low-dimensional world view to these high-dimensional sensations allows us to make meaningful associations like ''freedom has a scent like the top of a newborn baby's head'' (U2, Miracle Drug). We know what this means, even if we have never before put together the abstract notion of freedom with the intoxicating smell of a newborn's head. A recent paper from Richard Axel's lab [1] shows that the olfactory system is wired to do exactly this. The authors showed that stimulating a random set of neurons in the mouse primary olfactory cortex will act in the same way as an odor stimulus to produce a learned response when paired with a behavioral context (reward or mild shock). In the visual system, this would be as if the ordered input from the retina was scrambled into random arrangements in primary visual cortex but worked just as well to help us decipher the words on this page.
The classical tale of sensory cortex involves internally ordered representations of the outside world. In vision this is retinotopy, in audition it is tonotopy; even gustatory cortex has a gustotopic map of taste quality (bitter, sweet, sour, and so on) [2] . The olfactory system shows high-dimensional order in the olfactory bulb, the three-layered cortex which receives direct input from olfactory receptor neurons in the nasal epithelium. Widely distributed neurons in the sensory epithelium expressing the same receptor type have stereotyped projections to two (or a small number of) identifiable glomeruli in the olfactory bulb [3, 4] . Because olfactory receptors are sensitive to parts of molecules, individual receptor types (and glomerular pairs) can be activated by many odors, and a given odor molecule can activate many receptor types and glomeruli. Thus, even monomolecular odors produce complex stereotyped activation patterns across the olfactory bulb's input layer as a chemotopic representation [5] .
The transition from the olfactory bulb to the piriform cortex gets even more complicated. Pioneering anatomical studies showed that, in the piriform cortex, olfactory bulb outputs are randomly redistributed [6] , meaning that input from any one glomerulus has the potential to activate neurons over the entire extent of piriform cortex ( Figure 1 ). This redistribution makes sense in olfaction. Natural odors can contain tens or hundreds of different volatile molecules, and evolutionary processes and anatomical determinism cannot possibly account for all combinations that may be meaningful. By distributing the information more or less indiscriminately, very complex and unexpected objects can be represented.
While we had this anatomical information about projections to piriform cortex, the question still remained whether the piriform cortex has an underlying order that requires activation of specific sets of neurons receiving input from overlapping glomeruli for associative learning. Earlier stimulation studies had already shown that rats can be conditioned to arbitrary activation patterns by electrically stimulating the olfactory bulb or the lateral olfactory tract associated with a positive reinforcer [7, 8] . What these studies could not address was how much of that learning came from stimulating the olfactory bulb neurons projecting to the piriform cortex and the possibly ordered association between olfactory bulb and piriform cortex neurons. Now, Choi and colleagues [1] have taken advantage of modern advances in stimulation technology and expressed light activated ion channels in neurons in the mouse piriform cortex. They targeted small regions at random locations in the piriform cortex with carefully titrated viral injections, so that light activation would stimulate an arbitrary set of excitatory neurons in a local area. This method bypassed olfactory bulb excitatory cells that project to piriform cortex. They then stimulated these neurons with light in association with water reward (for thirsty mice), mild shock or the presence of a female mouse (in male mice). Mice were able to discriminate the stimulation from no odor in the reward condition and learned to flee the chamber to a 'safe' chamber in the shock condition. They were also able to reverse from a positive to a negative association to light stimulation in the same area of cortex. The male mice learned to choose an arbitrary chamber associated with photostimulation when the female was absent. The authors also confirmed by using anosmic mice that functional odor receptors and therefore a repeatable sensory input pattern were unnecessary for learned associations.
These results allowed the authors to address whether piriform cortex has any functional spatial ordering in relation to input (odors) or output (behavior), and the answer was no. Recent work from the same laboratory had shown that single glomeruli in the olfactory bulb produce parallel output pathways, ordered projections to the amygdala and widely distributed projections to piriform cortex [9] . In another study using optical imaging they had found that odors activate widely distributed neurons in piriform cortex [10] (see also [11] ; Figure 1) . Thus, while there may be as yet undetectable high-dimensional ordering in the projections from the olfactory bulb, this ordering is not necessary for associative learning, and no particular region of the piriform cortex is privileged for either appetitive or aversive output.
Perhaps the most exciting new information to come out of this study is a measurement of how many neurons are needed to initiate a simple associative memory in piriform cortex. The authors determined that learning performance increased with increasing numbers of locally stimulated neurons up to a saturation level of 500-600 neurons, with the lower bound for a non-random behavioral response being about 300 excitatory neurons in the piriform cortex. Odor stimulation activates about 100,000 piriform cortex neurons [10] , so why are only 500 necessary? Another study from the Axel lab may answer this question by addressing the connections within piriform cortex: Franks and colleagues [12] showed that a broad network of piriform cortex neurons could be activated in response to focal activation similar to that used in the Choi study [1] . Each of the piriform cortex neurons makes diffuse connections throughout piriform cortex to recruit activation of neurons that did not receive the original input. Strong inhibitory networks within piriform cortex then help to shape and refine the random assemblies of neurons which represent a given stimulus, and these inhibitory networks may help form the learned associations.
All of the preceding tells us that piriform cortex is very different from other primary sensory areas, so what is special either about olfaction or about piriform cortex? I will address both of these questions with an old challenge that piriform cortex may not be the primary olfactory cortex. It may instead be a higher-order association cortex, having circuit and associative memory properties like the hippocampus and projection and input patterns like inferotemporal or prefrontal cortex [13, 14] . Piriform cortex is multimodal; it receives projections from the primary auditory cortex, projects to multisensory areas and may mediate such complex tasks as visual-olfactory integration [15] [16] [17] (Figure 1) .
Where then is the primary olfactory cortex? Either the olfactory bulb may be the primary olfactory cortex, or the olfactory bulb may take the place of a thalamus and the anterior olfactory nucleus, just anterior to the piriform cortex, may be the primary olfactory cortex [13, 18, 19] . Consistent with either of these views, olfactory bulb activity has spatial ordering, projections to the anterior olfactory nucleus are more ordered than projections to the piriform cortex [18] , and the external portion of the anterior olfactory nucleus preserves the olfactory bulb's spatially patterned activity [20] .
If piriform cortex is association cortex, the Choi [1] and Franks [12] studies might provide information that allows us to examine how any association cortex works. Why doesn't random redistribution of sensory information destroy the information that should be preserved? Once primary sensory areas have coordinated the neurons that represent an input stimulus it wouldn't much matter which particular neurons in higher order areas they activate, just that they reliably activate them paired with a particular input pattern or something close to it. These patterns then become associated with learned behavioral outputs via broadly distributed piriform cortex outputs, somatic feedback and broadly distributed piriform inputs. It may be time to stop looking for progressively reshaped maps in association cortex, but rather to look at how any random network of activated cells learns to associate arbitrary sensory stimuli with behavioral outputs.
